Abstract: Neuromelanin (NM) is a complex polymer pigment found primarily in the dopaminergic neurons of the human substantia nigra. The structure of NM is only partially characterized, and its synthesis pathway remains unknown. We used nuclear magnetic and infrared spectroscopy to examine the structure of human NM isolated from the substantia nigra compared with synthetic dopamine melanins. Biochemical analyses were used to investigate proteinaceous and dopaminergic components in these samples. Following acid hydrolysis of NM samples, small amounts of DOPA, dopamine, and a variety of amino acids were measured. These findings suggest a peptide component in NM structure. NM also appears to contain a variety of unidentified structural components possibly derived from the oxidation of dopamine. Human NM differs structurally from synthetic dopamine melanin, but both human and synthetic NM include an aromatic backbone. It is interesting that both human NM and synthetic melanin also contain a large proportion of aliphatic structures. Our results suggest that NM is a more complex pigment than synthetic dopamine melanin formed via dopamine autoxidation alone.
Neuromelanin (NM) is a partially characterized pigment found primarily in catecholaminergic neurons of the human substantia nigra (SN) and locus coeruleus (LC). Little is known of NM's structure or synthesis, although the association of NM with the primary catecholaminergic systems of the brain implicated these substances in the biosynthesis of NM. The two major forms of NM are generally regarded as the result of the spontaneous autoxidation of dopamine (DA) and noradrenaline in the SN and LC, respectively, although an enzymatic synthesis pathway is not to be excluded. The resulting macropolymer appears to be composed of the aminochromes dopaminochrome (in the SN) and noradrenalinochrome (in the LC) (Smythies, 1996) . SN NM, which has been studied more intensively than that of the LC, was proposed to be a copolymer of the two main classes of melanin: the black insoluble eumelanins composed of indole monomers and the brown alkali-soluble pheomelanin produced from oxidized cysteinyl-DOPA products (Odh et al., 1994) . The dopaminergic metabolite 5-S-cysteinyldopamine (cysDA), derived from the o-quinone intermediate by the addition of L-cysteine or glutathione and uncyclized DA, may also be present (Rosengren et al., 1985; Carstam et al., 1991; Zhang and Dryhurst, 1994) . Other work suggests that NM does not include cysDA (Wakamatsu et al., 1991) . A significant amount of sulfur is present, probably as heterocyclic compounds such as benzothiazines (Zecca et al., 1992; Zecca and Swartz, 1993) . Solid-state nuclear magnetic resonance (NMR) suggests the presence of a glycidic and lipid matrix and perhaps aliphatic alcoholic groups from the hydroxylation of melanin (Aime et al., 1996) . Other constituents remain to be identified and are likely to include inorganic components, particularly iron (Zecca et al., 1992) , and possibly a proteinaceous component (Gerlach et al., 1995) . A complete elemental analysis of NM was reported by Zecca et al. (1992) , indicating the formula C 24.3 H 34.2 N 2.7 O 10.7 S 1 .
No physiological function has been established for NM, but it has been implicated in the pathogenesis of Parkinson's disease (PD). NM-containing cells of the SN are reported to be more vulnerable to neurodegeneration in PD (Hirsch et al., 1988) , and patients suffering a drug-induced parkinsonian syndrome during life exhibited changes in NM consistent with an active disease process (Langston et al., 1999) . Increased iron levels are reported in the parkinsonian SN , and iron bound to NM granules has been directly identified (Good et al., 1992; Jellinger et al., 1992; Zecca and Swartz, 1993) . In the presence of iron, melanin can act as an effective prooxidant in vitro (Pilas et al., 1988; Zareba et al., 1995) , a mechanism suggested to result in the intraneuronal production of free radicals in vivo. The increased free radical level is proposed to be a mechanism initiating neurodegeneration, especially given the compromised state of antioxidative mechanisms in this disorder (see, for example, Youdim et al., 1989; Ben-Shachar and Youdim, 1990) .
In contrast, Gibb (1992) has suggested that NM may confer an advantage to the cells in which it is found via its ability to sequester a variety of potentially damaging substances, such as iron (Zecca and Swartz, 1993; Gerlach et al., 1994; Zecca et al., 1994 Zecca et al., , 1996 . Synthetic melanins also exhibit radical-scavenging properties (Sarna et al., 1985 (Sarna et al., , 1986 Zareba et al., 1995) and both synthetic and human NM inhibit iron-induced lipid peroxidation in vitro Double et al., 1999) . A range of potentially toxic dopaminergic metabolic products have recently been identified (Bindoli et al., 1992; Zhang and Dryhurst, 1994; Li and Dryhurst, 1997; Shen et al., 1997; Shen and Dryhurst, 1998) , leading to the suggestion that the conversion of such products to NM may represent a cellular detoxification process (Smythies, 1996) . These contrasting data epitomize the enigmatic nature of NM and highlight the need to understand its physiological role. Further, knowledge regarding the structure of NM will be the critical first step in clarifying its synthetic pathway and perhaps providing clues for its function and possible role in disease. We have chosen techniques that exploit the known properties of human SN NM to investigate its structural properties in comparison with those of synthetic DA melanin (DAM).
EXPERIMENTAL PROCEDURES

Isolation of human NM
NM was isolated according to the method of Zecca and Swartz (1993) from the SN of 18 human subjects from Germany (age range: 29 -81 years) with no history of neurological or neurodegenerative diseases. The SN were dissected from the brain on a cool plate (Ϫ10°C) within 36 h of death and pooled in a glass-Teflon homogenizer. The samples were homogenized in 20 ml water and centrifuged at 12,000 g for 10 min. The resulting pellets were washed twice with 50 mM phosphate buffer (pH 7.4), then incubated in 50 mM Tris buffer (pH 7.4) containing 0.5 mg/ml sodium dodecyl sulfate at 37°C for 3 h, followed by a further 3-h incubation with or without the addition of 0.2 mg/ml proteinase K in the same buffer. The resulting pellets were pooled and washed consecutively with saline, water, methanol, and hexane. The resulting dark pellet was incubated for three periods of 8 h each in 150 mM EDTA (pH 7.4) before being washed twice with water and finally dried under vacuum. Further samples were isolated from subjects in Italy using the same method.
Preparation of synthetic NMs
Synthetic DAM was prepared according to a previously described method . DA (2 mM; Sigma, U.S.A.) was incubated in 50 mM Tris buffer (pH 8) containing 0.1 mM CuSO 4 for 24 h at 26°C. Oxidation was stopped by the addition of concentrated HCl to pH 2, and the resulting liquid was centrifuged at 9,000 g for 15 min. The pellet was resuspended three times in 0.01% KCl and centrifuged at 27,000 g for 20 min; the final pellet was resuspended by homogenization in 0.01% KCl and dialyzed in doubledistilled water at 4°C for 48 h. The resulting melanin was finally lyophilized. A further sample of synthetic melanin was prepared with the addition of cysteine (cysDAM) at a molar ratio of 6:1 DA:cysteine as previously described (Zecca et al., 1994) .
Spectroscopic analysis
Infrared spectra were obtained with a Perkin-Elmer Model 1600 FTIR spectrophotometer using a potassium bromide pellet. NMR spectra were recorded using a Bruker DRX600 (600 MHz) and a Bruker DRX800 (800 MHz) spectrometer. Samples of NM or DAM were dissolved in 0.2 M NaOD (99.5%; Deutero GmbH, Germany) or deuterated dimethyl sulfoxide (Me 2 SO-d 6 ) (99.9%; Deutero GmbH) (ϳ80% solubilization of the polymer was achieved), and the supernatant was measured at 298K; data were transformed using Bruker XWin NMR software.
Biochemical analyses
The presence of amino acids in NM was determined using two different methods. Amino acids were analyzed in the Italian samples by hydrolysis of ϳ0.2 mg of NM in 0.4 ml of 6 M HCl in an evacuated sealed tube at 110°C for 24 h. After evaporation, amino acids were analyzed by a Hitachi amino acid analyzer. Threonine and serine were assumed to be decomposed by 5 and 10% under the hydrolysis conditions: the reported values were compensated accordingly for this decomposition. Cysteine was analyzed after hydrolysis with hydroiodic acid (HI) after the method of Ito et al. (1988) . Amino acid analysis of NM isolated from a German population was performed using a similar method (Gieseg et al., 1993) to that used by the Italian laboratory (L.Z.). In brief, 0.2 mg of the NM sample was weighed into a small bowl and placed in a desiccator on the porcelain shelf. After the addition of 2 ml of 6 M HCl containing 1% phenol and 100 l of thioglycol as antioxidants in the bottom of the desiccator, it was gassed with argon and evacuated using a water aspirator. Finally, the desiccator was placed in a dry oven for 16 h at 110°C. The hydrolyzed samples were dissolved in 100 l of 0.3 M HCl, and amino acids were detected by reverse-phase HPLC with fluorescence detection, using a previously published method (Gerlach et al., 1996) . Additionally, DOPA and 5-cysteinyl-DOPA were measured by HPLC with electrochemical detection. DA and DOPA were also assessed simultaneously in both the Italian and German samples in the Japanese laboratory using HI hydrolysis as previously reported (Ito and Fujita, 1985; Ito et al., 1988) .
RESULTS
NMR spectroscopy demonstrated that human NM isolated in the presence or absence of proteinase K, DAM, and cysDAM exhibited common peaks in the aromatic region at 8. 4, 7.05, 6.85, 6 .5, and 6.4 ppm, and a peak at 7.3 ppm was also usually observed in most spectra (Fig.  1) . Additionally, the signal of the aromatic protons (6 -9 ppm) exhibited splitting due to 3J couplings between vicinal protons (Fig. 2) . In two-dimensional NMR correlation (COSY) spectra (data not shown), cross-peaks between the signals at 6.4 and 6.85 ppm, and 7.3 and 7.4 ppm, respectively, were observed.
The aliphatic region of both NM and cysDAM exhibited higher spectral activity than the aromatic region; this was most apparent in NM (Fig. 1) . The spectra of both NM and cysDAM show peaks corresponding to methylene and methine groups (2-4 ppm). The signals at ϳ1 ppm might be attributed to methyl groups of the aliphatic component in human NM. This cannot be the case, however, for the synthetic DAM and cysDAM. The signals here might arise from methylene protons located close to the center of an aromatic ring system where they experience a high-field shift. This hypothesis is supported by the finding of stacking of the aromatic backbone in NM (Crippa et al., 1996) .
The suggestion that protein is intrinsic to the structure of NM is supported by a comparison of the infrared spectra from NM and DAM. Spectra obtained with human NM exhibited additional peaks; that at 3,000 cm Ϫ1 could be attributed to the presence of aliphatic groups, in agreement with previous work on infrared spectroscopy of NM (Bridelli et al., 1999) . Further, additional peaks in the NM spectra were apparent between 900 and 1,300 cm Ϫ1 and may be due to double carbon bonds and carbon-nitrogen bonds, respectively (Fig. 3 ).
An analysis of the amino acid content following HCl hydrolysis of human NM isolated from Italian brains that had been used previously for the NMR spectra studies indicated varying quantities of amino acids. The amino acid glycine was most abundant, followed by serine and proline, whereas the least abundant amino acids were valine, cysteine, and tyrosine (Table 1) . Analysis of the amino acid content of NM isolated from German brains using gas-phase HCl hydrolysis found similar results (Table 1) . Samples of DAM and isolated human NM were also analyzed for amino acid content in Japan; the total amino acid content of human NM was dependent on proteinase treatment, whereas no amino acids were detected in DAM (Table 2) .
It is interesting that, following HI hydrolysis of human NM, small amounts of DOPA and DA were measured (Table 2) . DAM, in contrast, generated a large amount of DA, but, as expected, DOPA was not detected. Using the same method, 5-cysteinyl-DOPA was not detected in NM, with or without proteinase K treatment, but was present in a small amount (2.4 g/mg) in DAM.
DISCUSSION
Spectra of NM samples obtained using proton NMR of solubilized NM exhibited a characteristic pattern. Peaks between 6.4 and 8 ppm are characteristic for aromatic protons, and those between 0 and 5.2 ppm for aliphatic protons, with the aliphatic region being more prominent for both the synthetic and human NM (Fig. 1) . The   FIG. 1 . NMR spectra obtained for DAM, cysDAM, and isolated human SN NM dissolved in 0.2 M NaOD. A: Spectrum obtained from DAM prepared without cysteine. B: Spectrum obtained for cysDAM prepared with cysteine, exhibiting its characteristic form. C: Spectrum obtained from human SN NM isolated in the absence of proteinase. Four additional peaks not present in NM following proteinase treatment are indicated with arrows, supporting the suggestion that NM contains a proteinaceous component. D: Spectrum obtained from human SN NM isolated in the presence of proteinase exhibited additional peaks not seen in those from synthetic melanin. The number of peaks in the aliphatic region indicates that NM consists primarily of an aliphatic chain structure and a smaller backbone of aromatic structures. The aliphatic structures are associated with the melanin polymer itself, rather than with the attached proteinaceous components, as they are also characteristic of DAM and human NM following proteinase treatment.
aliphatic structures are likely to be associated with the melanin polymer itself, rather than with attached proteinaceous components, as they are also seen in both melanin types when the amino acid content is minimal following proteinase treatment. This concords with data of an elemental analysis previously reported (Bridelli et al., 1999) showing that the H/C ratio in NM is higher than the H/C ratio in synthetic melanin. A fundamental structural characteristic of melanin appears to be the aromatic backbone seen in cysDAM, DAM, and human NM. This finding is in agreement with a recent report using solid-state NMR that identified a signal from human SN melanin that corresponds to a signal produced by aromatic carbons (Lopiano et al., 1999) . Further structural information is provided by the observed splitting in the aromatic proton signals that arise from 3J couplings of vicinal protons as indicated by two-dimensional correlation spectra (data not shown). Given the strongly alkaline conditions under which the spectra were measured (pH 13), it is unlikely that this splitting is attributable to nitrogen-bound protons. Proposals regarding the structure of the soluble component of NM must, therefore, satisfy the requirement of aromatic ring systems with at least two protons in vicinal positions. The NMR data do not exclude the possibility that these aromatic systems belong to a mixture of compounds, rather than to a single molecule. Signals at ϳ7.3-7.4 ppm might thus come from the aromatic ring system of DA, whereas signals at 6.9 and 6.4 ppm might be attributed to vicinal protons in the heterocyclic ring of dihydroxyindole formed by sidechain cyclization of DA.
Several additional peaks apparent in the spectra obtained from human NM were absent in the synthetic melanin and may be due to peptides bound to the polymer. Comparison of spectra from NM isolated with or without proteinase K also suggest that these peaks reflect a protein component (Fig. 1B and D) . The loss of four peaks at ϳ7.3 ppm and between 0 and 5 ppm following proteinase treatment suggests that these signals represent protein moieties linked to the NM polymer. The protein content appears to be minor, however, as most of the aliphatic signals are retained following proteinase treatment. The measured signal width was small, which in-FIG. 2. NMR spectra from (A) DAM, (B) cysDAM, (C) NM without protease treatment, and (D) NM after protease treatment showing the spectral region of signals from aromatic protons. All samples were dissolved in 0.2 M NaOD. DAM, cysDAM, and human NM exhibit common peaks in the aromatic region at 8. 4, 7.6, 6.8, 6 .6, and 6.4 ppm, which may reflect fundamental structural characteristics describing the aromatic backbone of both synthetic melanin and human NM. The signal pattern of cysDAM resembles human NM more closer than that of DAM.
FIG. 3.
Infrared spectra obtained from human NM and DAM. The additional peak apparent at 3,000 cm Ϫ1 may be attributed to the presence of aliphatic groups, whereas the additional peaks apparent between 900 and 1,300 cm Ϫ1 for NM may be due to double carbon bonds and carbon-nitrogen bonds, respectively. dicates a relatively small molecular weight (between 1,000 and 5,000) in the solubilized NM, but the underlying broad background under the sharp signals suggests the presence of a paramagnetic signal as previously reported . Spectra obtained from NM and DAM dissolved in Me 2 SO-d 6 also show a number of sharp signals in the aromatic and aliphatic regions, although in Me 2 SO-d 6 more peaks in the aromatic region were observed. Due to the different conditions in the two solvents Me 2 SO-d 6 and NaOD, the spectra are not comparable and therefore are not shown here. The variety of signals observed thus appears not to be attributable to artefactual production of melanin fragments by the alkaline conditions.
A comparison of the coupling patterns of DAM and cysDAM with NM ( Fig. 2A and B) suggest that NM shares some features of both spectra, although cysDAM appears to model human NM more closely than DAM. Both NM and cysDAM share a similar aromatic backbone structure that may consist of DA oxidation products, such as dopachrome. The differences between the spectra from NM and cysDAM, however, indicate that the synthetic product differs from NM, and is thus unlikely to model human NM adequately. This finding concords with that of Aime et al. (1996) , who showed, using solid-state NMR, that NM has a "peculiar and characteristic structure compared with other melanins from both natural and synthetic origin."
The cyclization of DA-quinone is much slower than that of dopaquinone (Peter and Förster, 1989) ; thus, uncyclized aliphatic side chains of DA and the presence of amino acids may contribute to the aliphatic region of the spectra. Our NMR results support the findings of Zecca et al. (1992) , who reported the presence of longchain alkyl compounds in human NM and suggest that human NM consists of indole rings bound to aliphatic moieties. The indole rings may be derived from DA oxidation as has been reported (Rosengren et al., 1985; Zhang and Dryhurst, 1994) , although this is not found by all groups (Wakamatsu et al., 1991) . Recently, it has been demonstrated that cysteinyl adducts of L-DOPA, DA, and 3,4-dihydroxyphenylacetic acid can be demonstrated in the human brain postmortem and that increased levels of these products exist in the parkinsonian SN (Spencer et al., 1998) . The amino acid analysis demonstrated the presence of cysteine in NM, albeit at low levels.
Consistent with an earlier report (Carstam et al., 1991) , small quantities of DA and DOPA were measured in two samples of NM isolated from two different populations and analyzed in three different laboratories. This suggests that both the DA precursor and DA itself may constitute a small proportion of the polymer. Odh et al. (1994) suggested that SN NM is a mixed pheo-and eumelanin formed from DA and cysDA and that onethird to one-half of SN NM consists of benzothiazinederived units. It is interesting that the benzothiazoles formed from cysDA are neurotoxic and have been suggested to be involved in the etiology of PD (Zhang and Dryhurst, 1994) . NM production may thus be a cellular mechanism that inactivates these potentially damaging metabolites in brain regions in which the catecholamine oxidation rates are high. An interesting finding was the presence of DOPA in NM and the fact that DOPA levels are reduced following proteinase K treatment. Gieseg et al. (1993) have suggested that protein-bound DOPA is a major reductant formed during hydroxyl radical damage to proteins, and it is possible that such a mechanism might result in the inclusion of DOPA into NM.
The present data suggest that NM contains a proteinaceous component that forms an integral part of the polymer structure. The amino acid content we report here is also in agreement with another recent work using different isolation procedures (Zecca et al., 2000) . These results, and a recent report by one of the current authors (L.Z.; Bridelli et al., 1999) , of a proteinaceous component in normal NM contrast with those of Lopiano et al. (1999) , who report an insoluble protein component only in NM isolated from parkinsonian brains. This difference NM A was isolated from Italian brains, and data represent means Ϯ SD of three determinations with the exception of leucine, which was measured once. NM B was isolated from German brains, and a single analysis of amino acids was performed. Isolation and HCl hydrolysis procedures were similar for both samples. n.m., not measured. may result from the use of different techniques for isolating NM, although that used by Lopiano et al. (1999) is not described. The identity of this protein or these proteins was not established, but it is possible that the protein possesses an enzyme function involved in NM production. Tyrosinase, the enzyme involved in the production of peripheral melanins, has not been demonstrated in the brain (Barden, 1969; Ikemoto et al., 1998) . It has been assumed that NM is formed by the nonenzymatic oxidation of DA; a dark synthetic melanin pigment can indeed be produced from DA in vitro, a process that is catalyzed by transition metals such as iron (Graham et al., 1978) . Although it was believed that the pigment is formed spontaneously, more recent findings have led to the reexamination of the possibility that NM may be, at least in part, enzymatically produced. The present results support the hypothesis that NM is a complex polymer, its components including a variety of substances involved in DA neurotransmission, as might be expected from its cellular localization in the dopaminergic neurons of the SN. We have identified some components and characteristics of this polymer, and have compared NM isolated from brain tissues of different populations. Although the present work has yielded useful insights into this most intriguing of polymers, our findings apply only to the soluble part of this substance, as under the conditions used an insoluble portion of the NM remained and could not be included in the analysis. To resolve the structure of the entire polymer, further work using solid-state NMR would be useful. The physiological role of NM and its possible involvement in the relatively selective nigral dopaminergic cell death occurring in PD remain, however elusive, and further functional investigations are required to clarify these questions.
